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While mammals have a limited capacity to repair
bone defects, zebrafish can completely regenerate
amputated bony structures of their fins. Fin regener-
ation is dependent on formation of a blastema,
a progenitor cell pool accumulating at the amputa-
tion plane. It is unclear which cells the blastema is
derived from, whether it forms by dedifferentiation
ofmature cells, andwhether blastema cells aremulti-
potent. We show that mature osteoblasts dedifferen-
tiate and form part of the blastema. Osteoblasts
downregulate expression of intermediate and late
bone differentiation markers and induce genes ex-
pressed by bone progenitors. Dedifferentiated oste-
oblasts proliferate in a FGF-dependent manner and
migrate to form part of the blastema. Genetic fate
mapping shows that osteoblasts only give rise to
osteoblasts in the regenerate, indicating that dedif-
ferentiation is not associated with the attainment of
multipotency. Thus, bone can regenerate from
mature osteoblasts via dedifferentiation, a finding
with potential implications for human bone repair.
INTRODUCTION
In salamanders and fish, appendages (limbs, fins, and tails)
regenerate via formation of a blastema, a mass of proliferative
undifferentiated cells that contains the progenitors of the regen-
erating tissues (Pietsch and Webber, 1965; Stocum, 1968).
Largely based on classical studies in salamanders, it is widely
accepted that the blastema forms from adult mature cells via
dedifferentiation (Brockes and Kumar, 2005; Slack, 2006;
Tanaka, 2003). However, strong evidence for dedifferentiation
based on molecular markers of the cellular differentiation status
and genetic cell fate tracking is actually lacking for most cell line-
ages. For the muscle lineage in the regenerating salamander tail,
where the strongest in vivo evidence for dedifferentiation has
been obtained (Echeverri et al., 2001; Lo et al., 1993; Slack,
2006), resident muscle stem cells (satellite cells) have been sug-Devegested to contribute to blastema formation as well (Morrison and
Kimble, 2006). Furthermore, during Xenopus larval tail regenera-
tion, regenerating muscle appears to be derived from satellite
cells and not mature muscle fibers (Slack et al., 2004). Thus,
the relative importance of dedifferentiation versus stem cell acti-
vation for appendage regeneration has remained unclear.
Dedifferentiation is often considered to be associated with
another hallmark of cellular plasticity, multipotency. That is, de-
differentiated cells, in particular in the regenerating salamander
limb, have been thought to give rise to multipotent blastema
cells, which have the ability to form cell types distinct from their
lineage of origin (reviewed in Brockes and Kumar, 2002; Poss,
2010; Tanaka, 2003). Thus, differentiated cells would transdiffer-
entiate to other cell types during regeneration. However, revisit-
ing the question of transdifferentiation using transplantation of
cells carrying a transgenic lineage tracer has shown that most
cell types remain lineage restricted during salamander limb
regeneration because they only give rise to cells of their own
type (Kragl et al., 2009). Likewise, no transdifferentiation has
been observed in cell fate-tracing experiments in regenerating
Xenopus larval tails (Slack, 2006). This new evidence suggests
that the appendage-regeneration blastema is a heterogeneous
population of cells with restricted potential, rather than a pool
of multipotent progenitors.
Bone is a prominent tissue in limbs and fins, and its ability to
regenerate in salamanders and fish after appendage amputation
appears to be essentially unlimited. Although bone fractures
below a critical size repair well in mammals (Hall, 2005), lack of
regeneration of larger defects and in diseased conditions repre-
sents an enormous health burden in humans (Office of the
Surgeon General (US), 2003). Thus, identification of the cellular
and molecular mechanisms underlying efficient bone restoration
during appendage regeneration is of clinical relevance. In
mammals, repair of bone fractures is believed to be achieved
by local activation and differentiation of osteogenic progenitor
cells (Colnot, 2009; Maes et al., 2010). In salamander limbs, skel-
etal elements can regenerate from cartilage and dermal cells
(Han et al., 2005; Kragl et al., 2009). Whether mature osteoblasts
participate in bone regeneration in the adult vertebrate
appendage, to our knowledge, has not been tested.
The zebrafish tail fin is an excellent model for vertebrate
appendage regeneration (Nakatani et al., 2007; Poss et al.,
2003) and bone repair, but the cellular mechanisms of bonelopmental Cell 20, 713–724, May 17, 2011 ª2011 Elsevier Inc. 713
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itor cells of the blastema have not been defined. The fin blas-
tema, which forms within 2 days postamputation (dpa), might
consist of a homogenous population of multipotent cells derived
from fibroblast-like cells located inside the bony fin rays, which
have been shown to migrate toward the amputation plane after
amputation (Poleo et al., 2001). Alternatively, the fin blastema
might consist of mixed lineages, one being derived from osteo-
blasts. Earlier studies observed that osteoblasts change their
morphology upon amputation and can incorporate BrdU, an
S-phase proliferation marker (Johnson and Bennett, 1999;
Santos-Ruiz et al., 2002). Moreover, complete removal of stump
bone before amputation leads to regenerates that lack bony
structures (Goss and Stagg, 1957). Yet, molecular studies on
the origin of regenerated bone in the fin are missing.
Here, we use transgenic reporters of the osteoblast differenti-
ation status and genetic lineage tracing to show that upon fin
amputation, mature osteoblasts dedifferentiate and migrate to
form part of the blastema. Despite their dedifferentiation, osteo-
blast-derived blastema cells remain lineage restricted and do not
transdifferentiate into other cell types during regeneration. Thus,
our results not only provide strong evidence for cellular dediffer-
entiation during appendage regeneration but also show that
bone regenerates from mature osteoblasts in the zebrafish fin.
RESULTS
Transgenic Zebrafish Reporting Osteoblast
Differentiation
Wemonitored the osteoblast differentiation status in the regener-
ating fin using transgenic zebrafish expressing fluorescent
proteins under control of promoters for the preosteoblast marker
runx2 (Komori et al., 1997), the intermediate marker osterix (sp7)
(Li et al., 2009;Nakashima et al., 2002), and the late differentiation
marker osteocalcin (Gavaia et al., 2006). During larval develop-
ment of the head skeleton and the bony rays of the caudal fin,
we observed sequential activation of the runx2, osterix, and
osteocalcin transgenic constructs, followed by downregulation
of the early and intermediate marker and maintenance of
osteocalcin activity (see Figure S1A available online; data not
shown). Thus, these lines adequately reflect the differentiation
status of bone-forming cells. Adult zebrafish tail fins consist of
individual segmented bony fin rays, which are composed of
two concave hemirays (Figure 1A). The bony fin rays are covered
by epidermis, and the space between the two hemirays is filled
with fibroblast-like cells, in which blood vessels, nerves, and
pigment cells are embedded (Figure 1B). A single layer of
osteoblasts situated on the inner and outer surface of the hemi-
rays (Figures 1B and S1B) forms the bone without a cartilage
intermediate. In uninjuredadult fin rays, runx2andosterix reporter
gene expression, especially of runx2, was comparatively low,
except at the growing tips of the fin rays, which may represent
distally focused areas of cell turnover (Wills et al., 2008) (Fig-
ure 1C). osteocalcin:GFP expression was much stronger than
runx2:GFP or osterix:nlsGFP and localized to the centers of every
ray segment but was excluded from the flexible segment bound-
aries (Figure 1C). During fin regeneration we observed sequential
induction of the transgenes in the regenerate. runx2:GFP was
strongly activated at 2 dpa, which was followed by strong osterix714 Developmental Cell 20, 713–724, May 17, 2011 ª2011 Elsevier Inexpression at 3 dpa, and subsequent induction of theosteocalcin
reporter at 5–6 dpa, illustrating the progressive differentiation of
osteoblasts during bone regeneration (Figure 1D).
Fin Amputation Leads to Downregulation of Osteoblast
Differentiation Markers in the Distal Stump
To test whether stump osteoblasts alter the expression of differ-
entiation markers in response to fin amputation, we compared
the expression of the transgenic reporters at 0 hr postamputation
(hpa) and 1 dpa. At 1 dpa, GFP intensity in osterix:nlsGFP fish
was reduced by one-third in the segment closest to the amputa-
tion plane and also, to a lesser extent, in adjacent segments
(Figure 1E). However, osteoblasts maintained expression of
Zns 5, an epitope that is found on osteoblasts at all stages of
differentiation (Johnson and Weston, 1995) (Figure S1B). The
number of Zns 5+ cells in the stump did not change significantly
after amputation (Figure S1C), and we could not detect
increased osteoblast apoptosis in the distal-most stump
segment, indicating that loss of osterix:nlsGFP is caused by
downregulation of transgene expression and not due to cell
death (Figures S1D and S1E). In osteocalcin:GFP fish the signal
intensity similarly dropped in the distal-most stump segment at 1
dpa (arrows in Figures 1F and S1F). This reduction was coupled
to a progressive shift of the remaining signal toward the amputa-
tion plane over time, suggesting distal migration of GFP-labeled
cells (asterisks in Figures 1F and S1F). At 2 dpa, only 19% of
distal stump osteoblasts were GFP positive in osteocalcin:GFP
fish, whereas in 0 hpa fins about 50% of all osteoblasts ex-
pressed GFP (Figure 1G). Endogenous osteocalcinmRNA levels
in the distal-most stump segment were likewise strongly
reduced at 1 dpa (Figure 1H). Together, these data suggest
that stump osteoblasts downregulate the expression of mature
and intermediate differentiationmarkers in response to fin ampu-
tation. Amputation in the middle of a ray segment resulted in
osteocalcin:GFP downregulation and distal shift of GFP signal
also in the adjacent uninjured segment (Figure S1G), suggesting
that putative signals regulating osteoblast dedifferentiation
spread from the injured segment to neighboring bone segments.
Fin Amputation Induces Preosteoblast Markers and
Ultrastructural Changes in Distal Stump Osteoblasts
We next asked whether stump osteoblasts, in addition to losing
expression of mature markers, upregulate markers indicative of
an immature state. Transcription of endogenous runx2b in
wild-type fins was upregulated in the distal stump at 1 dpa
(Figure 2A), as was runx2:GFP transcription in transgenic fish
(Figure 2B). Moreover, a glycoprotein secreted from immature
bone cells, Tenascin (Alford and Hankenson, 2006; Mackie and
Tucker, 1992), was induced in osteoblasts close to the amputa-
tion plane (Figure 2C), in addition to its previously noted upregu-
lation in stump intraray fibroblast-like cells (Jazwinska et al.,
2007). Transmission electron microscopy showed that osteo-
blasts lose aspects of their differentiated morphology in
response to amputation. In uncut fins osteoblasts were charac-
terized by very elongated nuclei and were surrounded by extra-
cellular matrix (Figure 2D). At 1 dpa, osteoblast nuclei were more
rounded, more ECM appeared to surround the cells, and osteo-
blasts close to the amputation plane displayed highly prominent
endoplasmatic reticulum. Together, these data suggest thatc.
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blasts to cells with osteoblast progenitor character, suggesting
osteogenic plasticity during bone regeneration.
Osteoblasts in the Stump Proliferate after Amputation
Osteoblasts in the amputated fin stump have been shown to
incorporate BrdU (Johnson and Bennett, 1999; Santos-Ruiz
et al., 2002). Using live imaging of juvenile fish ubiquitously
expressing a Histone 2a-GFP fusion protein (Pauls et al., 2001)
at 1 dpa, we could detect mitoses of cells in the stump that dis-
played the elongated nuclear shape characteristic of osteoblasts
(Movie S1). To confirm that these mitotic cells were osteoblasts,
we performed live imaging of osteocalcin:GFP; Histone 2a-
mCherry double-transgenic fish at 1 dpa when the GFP fluores-
cence is still detectable in some cells, and were able to demon-
strate cell divisions of GFP+/Cherry+ cells (Figure 3A and Movie
S2). In the distal-most fin ray segment of adult osteocalcin:GFP
fish, many cells positive for Zns 5, but negative for GFP, incorpo-
rated BrdU at 1 dpa (Figure 3B, arrow in Figure 3C). In addition
the few Zns 5+ cells that were still positive for GFP likewise incor-
porated BrdU (arrowhead in Figure 3D). At 2 dpa, we found that
about 50 times more stump Zns 5+ cells proliferated than in non-
amputated controls (Figure 3E); at 3 dpa, elevated proliferation of
stump osteoblasts was observed in a graded fashion along the
proximodistal axis, with its high point at the amputation plane
and reaching up to three segments into the stump (Figure 3F).
Together with our data indicating that GFP persists in some
osteoblasts after downregulation of osteocalcin:GFP transgene
transcription (see below), these results indicate that dedifferenti-
ating osteoblasts proliferate following amputation.
FGF Signaling Is Required for Osteoblast Proliferation
One of the earliest signaling pathways known to be activated in
response to fin amputation is FGF signaling, and fish mutant for
fgf20a fail to initiate regeneration (Stoick-Cooper et al., 2007;
Whitehead et al., 2005). FGF signaling is required prior to blas-
tema formation to induce the proliferative response of fibro-
blast-like and epidermal cells in the regenerating fin (Poss
et al., 2000b; Whitehead et al., 2005). However, the role of FGF
signaling in osteoblasts has not been tested so far. Thus, we
asked whether stump osteoblast dedifferentiation and prolifera-
tion, processes preceding blastema formation, are dependent
on FGF signaling. Osteoblast proliferation in the distal stump
was significantly reduced after treatment with the FGF receptor
1 inhibitor SU5402 (Figure 3G). In contrast we could not detect an
impact of SU5402 on readouts of osteoblast dedifferentiation
such as downregulation of osterix and osteocalcin expression,
induction of runx2b and Tenascin, and changes in osteoblast
morphology (Figures S2A–S2C). These results suggest that
osteoblast dedifferentiation and subsequent proliferation are
regulated by distinct molecular cues and that early amputa-
tion-induced FGF signaling specifically regulates proliferation
of dedifferentiated osteoblasts.
Stump-Derived Osteoblasts Migrate to the Amputation
Plane and Form Part of the Blastema
As shown in Figure 1F, we observed that the GFP signal in
osteocalcin:GFP amputated fins shifted toward the amputation
plane, indicative of a movement of osteoblasts into the formingDeveblastema. Indeed, we detected Zns 5+ cells in the forming blas-
tema at 1 dpa and in higher numbers half a day and 1 day later
(Figure S3A). In osteocalcin:GFP fish, individual GFP+ cells
were found covering the bone stump already at 1 dpa (asterisk
in Figure 3C). At 2 dpa, 12%of the Zns 5+ cells in the lateral blas-
tema were found to be positive for GFP, and all GFP+ cells also
expressed Zns 5 (Figures 4A and S3B). Finally, at 3 dpa a popu-
lation of GFP+ cells had accumulated distally to the amputation
plane in the blastema, whereas the GFP signal was almost
completely lost in the distal-most stump segment (Figures 4B
and 4C). In osteocalcin:GFP fish, fluorescence of GFP+ cells in
the early blastema, which does not contain differentiated osteo-
blasts, might be due to persistence of the GFP after loss of trans-
gene transcription (Picker et al., 2002). Indeed, we could not
detect gfp RNA expression in the GFP-positive blastema at
2 dpa, whereas at 5 dpa, when osteoblasts had started to redif-
ferentiate and new segmented bone had formed, both gfp RNA
and protein were expressed (Figure 4D). Quantitative PCR
confirmed that at 2 dpa, 100-fold less gfp mRNA was present
in the regenerate than at 5 dpa (Figure 4E). We conclude that
the GFP that was present in the 2 dpa blastema had been
produced already before amputation in stump osteoblasts,
which upon amputation downregulated transgene transcription
and migrated into the blastema.
Genetic Fate Mapping Confirms Migration of Stump
Osteoblasts
To confirm whether stump osteoblasts indeed migrate into
the forming regenerate, we tracked osteoblasts using a Cre
recombinase-based genetic cell-labeling approach. We
created a transgenic fish line expressing tamoxifen-inducible
CreERT2 and mCherry under control of the osterix promoter
(osterix:CreERT2-p2a-mCherry) specifically in osteoblasts of
the uninjured and regenerating fin (Figure S3C). As a ubiquitously
expressed reporter for Cre-mediated recombination, we gener-
ated a heat-shock promoter-driven fish line expressing nuclear
GFP after excision of loxP-flanked DsRed2-STOP sequences
(hsp70l:loxP DsRed2 loxP nlsEGFP, in short hs:R to nG). We
treated double-transgenic fish with 4-hydroxytamoxifen (4-HT),
visualized recombined cells by application of a heat shock, and
chose fin rays where only few osteoblasts had recombined for
further analysis. To follow themovement of individual stumposte-
oblasts during regeneration, fins were amputated and imaged
repeatedly over a period of 2 days. During this period, GFP-
labeledstumposteoblastsmigrated toward the amputationplane
and into the formingblastema (Figures 4F andS3D). Furthermore,
osteoblasts were able to traverse segment boundaries during
their movement (asterisks in Figures 4F and S3D). These results
confirm that stump osteoblasts move beyond the amputation
plane and form part of the fin blastema.
Lineage Restriction of Osteoblasts during Regeneration
At 2 dpa, blastema cells start to redifferentiate into bone-forming
cells, as indicated by upregulation of mRNA and protein expres-
sion from the osterix transgene (Figure S3E; data not shown). In
the blastema of osteocalcin:GFP; osterix:mCherry double-trans-
genic fish, GFP+ cells colabeled with mCherry (Figure 4G), indi-
cating that blastema cells derived from dedifferentiated stump
osteoblasts redifferentiate toward bone-forming cells. Thelopmental Cell 20, 713–724, May 17, 2011 ª2011 Elsevier Inc. 715
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Figure 1. Stump Osteoblasts Downregulate Intermediate and Late Differentiation Markers Early after Fin Amputation
(A) Schematic view of a bony fin ray consisting of two concave hemisegments. The bony fin ray is subdivided into segments by segment joints (depicted as a gap
here). Whole-mount and longitudinal section views are indicated.
(B) Schematic view of a longitudinal section of a fin ray. Fibroblast-like cells are found in between the two hemirays, which are covered by epidermis. Osteoblasts
lining the bone are indicated in green.
(C) Fins of transgenic zebrafish reporting the osteoblast differentiation status at about 10 weeks of age. runx2:GFP and osterix:nlsGFP expressions are
comparatively low, whereas osteocalcin:GFP expression is strong in the center of the fin ray segments. The segment boundaries in osteocalcin:GFP fish are
devoid of GFP expression. Exposure times are indicated. Scale bars, 1 mm and 100 mm.
(D) Time course of runx2:GFP, osterix:mCherry, and osteocalcin:GFP expression in regenerating fins. For each fish line the same live fin ray is shown at different
stages of regeneration under constant exposure time. Arrowheads indicate osteocalcin:GFP expression in differentiating bone segments at 6 dpa. Scale bar,
100 mm. ostx, osterix; ostcal, osteocalcin.
(E) Amputated live fin ray of the same osterix:nlsGFP fish at 0 hpa and 1 dpa. Two stump segments proximal to the amputation plane (red dashed line) are shown.
Note the reduction of GFP fluorescence in the segment next to the amputation plane at 1 dpa (red arrow). The dark areas in the bright-field view of the fin are due to
pigment cells. Pixel intensity ±SEM is plotted on the right (n = 3 fish, three rays per fish). Scale bar, 100 mm.
(F) Amputated live fin ray of the same osteocalcin:GFP fish at 0 hpa and 1 dpa. At 1 dpa theGFP level drops in the segment next to the amputation plane (arrow). At
the same time the GFP-negative area at the segment boundary becomes larger (asterisk). Pixel intensity measurements of a representative fin ray at different time
points during regeneration are shown to the right (n = 5 fish). Of 58 rays, 41 showed GFP downregulation. Scale bar, 100 mm.
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Figure 2. Stump Osteoblasts Induce Markers of Osteoblast Progenitors and Lose Their Differentiated Morphology
(A) Whole-mount in situ hybridization against runx2b in wild-type fins at 0 hpa and 1 dpa (n = 5 fish each). Scale bar, 200 mm.
(B) Whole-mount in situ hybridization against gfp in runx2:GFP fins at 0 hpa and 1 dpa (n = 5 fish each). Scale bar, 200 mm.
(C) The extracellular matrix protein Tenascin is not expressed in osteoblasts on the inner and outer surface of the bone at 0 hpa (n = 2 fish, 19/21 sections) but is
detectable at 1 dpa in distal stump osteoblasts on both sides of the bone as well as in intraray fibroblast-like cells (n = 5 fish, 48/48 sections). Stump osteoblasts
adopt a rounded shape at 1 dpa and are identified by the presence of Zns 5, which is primarily localized at the cell surface. Scale bars, 10 mm.
(D) Ultrastructural changes of osteoblasts after amputation. Toluidine blue staining and corresponding transmission electronmicrographs of uncut and 1 dpa fins.
Some cells can be detected covering the stump bone (black arrowhead in Toluidine blue staining). Nuc, nucleus; ECM, extracellular matrix; Epid, epidermis; BM,
basal membrane. Scale bars, 20 mm (Toluidine blue stainings) and 2 mm (TEMs).
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all osterix:mCherry+ cells in the 2 dpa blastema colabeled with
GFP in osterix:mCherry; runx2:GFP double-transgenic fish
(Figure 4H).
To test whether stump osteoblasts only give rise to bone
during regeneration or whether they dedifferentiate to multipo-
tent cells, we again employed Cre recombinase-based genetic
fate mapping. We repeatedly treated osterix:CreERT2-p2a-
mCherry; hs:R to nG double-transgenic fish with 4-HT or vehicle,
applied a heat shock, amputated the fins, and immediately
thereafter analyzed the stump (Figure 5A). Although all cells ex-
pressed the heat-shock promoter-driven DsRed, a subset of
osteoblasts was GFP+ in 4-HT, but not vehicle-treated fins (Fig-
ure 5B). When we allowed fins to regenerate for 4 days and again
applied a heat shock, GFP+ cells were found in the regenerate of
the 4-HT group but rarely in the vehicle controls (Figures 5B and
5E). This confirms that stump osteoblasts do participate in blas-
tema formation and regeneration. Importantly, 92% of all GFP+
cells in the regenerate were Zns 5+ (Figures 5C and 5D), and
only few recombined cells were found in the epidermis or the(G) Quantification of osteocalcin:GFP+ cells in the distal-most stump segment of 0
osteoblasts (n0 hpa = 4 fish, 18 sections, 452 GFP+ cells; n2 dpa = 3 fish, 34 secti
(H) Quantitative RT-PCR showing decreased levels of endogenous osteocalcin tra
Figure S1.
Devefibroblast layers. The fractions of GFP+ cells found in the
epidermal and fibroblast tissues did not significantly differ in
the 4-HT versus vehicle-treated fins, indicating that GFP+
epidermal and fibroblast-like cells did not derive from transdiffer-
entiating osteoblasts (Figure 5E). Moreover, GFP staining can be
occasionally observed in all cell types in fins of the single-trans-
genic hs:R to nG fish (data not shown), suggesting that these
cells represent background resulting from readthrough of the
nonrecombined hs:R to nG transgene through the polyadenyla-
tion site into the nlsGFP. We conclude that osteoblast transdif-
ferentiation into other cell types during regeneration does not
occur or is too rare to be detected by our methods. Thus, oste-
oblasts do not dedifferentiate intomultipotent cells during regen-
eration but rathermaintain lineage restriction and only give rise to
bone-forming cells.
DISCUSSION
Our results suggest the following model of the cellular mecha-
nisms underlying zebrafish fin regeneration (Figure 5F): inhpa and 2 dpa fins. The number of GFP+ cells is shown as percentage of Zns 5+
ons, 454 GFP+ cells).
nscription in the distal-most stump segment at 1 dpa (n = 11 fish each). See also
lopmental Cell 20, 713–724, May 17, 2011 ª2011 Elsevier Inc. 717
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Figure 3. Stump Osteoblasts Proliferate in an FGF-Dependent Manner
(A) osteocalcin:GFP+ osteoblasts are capable of dividing after amputation. Frames from a movie obtained from an osteocalcin:GFP; Histone 2a-mCherry
transgenic fish fin ray at 1 dpa. Times are indicated (hours:minutes). Scale bar, 20 mm.
(B–D) GFP+ and GFP stump osteoblasts incorporate BrdU (1 hr pulse) in osteocalcin:GFP fish at 1 dpa.
(B) Overview.
(C) A BrdU+ osteoblast that is Zns 5+ but negative for GFP (arrow) (n = 4 fish, 37/44 sections). Also note the GFP+ cell located distally to the amputation plane
(asterisk).
(D) A BrdU+ osteoblast that is positive for Zns 5 and GFP (arrowhead) (n = 4 fish, 5/17 sections). Scale bars, 50 mm (B) and 10 mm (C and D).
(E) Proliferation of Zns 5+ cells in the distal stump (0–350 mm proximal to the amputation plane at 2 dpa or equivalent area in uncut fins) is highly upregulated at
2 dpa as indicated by BrdU incorporation (5 mM for 9 hr). Error bars represent SEM. Student’s t test, p = 0.021 (nuncut = 3 fish with 31 sections; n2 dpa = 3 fish with
43 sections).
(F) Quantification of the proliferative response of stump osteoblasts at 3 dpa. Average number +SEM of BrdU+ Zns 5+ cells (45 min BrdU pulse) per section is
shown in bins of 175 mm along the proximal-distal axis (n = 5 fish each, uncut: 214 sections; 3 dpa: 284 sections). Student’s t test, *p < 0.05, ***p < 0.001.
(G) Inhibition of FGF signaling by the FGFR1 inhibitor SU5402 significantly downregulates proliferation in distal stump osteoblasts at 2 dpa, as determined by
BrdU incorporation (5 mM for 9 hr). Error bars represent SEM. Student’s t test, **p = 0.0013 (nDMSO = 4 fish with 43 sections; nSU5402 = 4 fish with 40 sections).
See also Figure S2.
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Bone Regeneration via Osteoblast Dedifferentiationresponse to amputation, mature osteoblasts dedifferentiate,
become proliferative, and migrate distally to form the outer
regions of the regeneration blastema, which appear lateral in
longitudinal sections of fin rays. During regenerative outgrowth
these osteoblast-derived blastema cells redifferentiate only into
osteoblasts; thus, they remain lineage restricted. Osteoblast
dedifferentiation as evidenced by loss of transgenic differentia-718 Developmental Cell 20, 713–724, May 17, 2011 ª2011 Elsevier Intion markers does not only occur in the bony segment bisected
by the amputation plane but can spread into the adjacent
segment and, thus, occurs in a region of approximately 350 mm
proximal to the amputation plane, regardless of segment bound-
aries. Interestingly, increased proliferation of osteoblasts is
detectable up to 1mmaway from the amputation plane, suggest-
ing that dedifferentiation occurs in a larger region than detectablec.
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Figure 4. Dedifferentiated Osteoblasts Form Part of the Blastema Where They Redifferentiate
(A) osteocalcin:GFP+ Zns 5+ cells accumulate in the lateral parts of the 2 dpa blastema. Inset shows magnification of the boxed area (n = 3 fish, 18/28 sections).
Scale bars, 50 mm (overview) and 10 mm (inset).
(B) Live regenerating fin of an osteocalcin:GFP fish at 3 dpa. GFP+ cells are present in the blastema (red arrow). Please note that the GFP signal has nearly
vanished from the distal-most stump segment (asterisk) (n = 5 fish, 33/42 rays). Scale bar, 100 mm.
(C) Intensity measurement of a representative osteocalcin:GFP fish fin ray at 0 hpa and 3 dpa. Downregulation of the GFP signal in the 3 dpa stump is indicated by
the asterisk; the appearance of the signal in the blastema is indicated by the red arrow.
(D) GFP fluorescence in the blastema of osteocalcin:GFP fish at 2 dpa is due to persistence of GFP. In 5 dpa finsGFP fluorescence is detectable in themineralizing
bone segments of the regenerate, and the same regions express gfpmRNA as detected by whole-mount in situ hybridization (arrowheads) (n = 8 fish, 128/137 fin
rays). In the 2 dpa blastema, GFP, but not gfp mRNA, can be detected (arrowheads) (n = 9 fish, 168/168 fin rays). Scale bars, 100 mm.
(E) Expression level +SD of gfp mRNA in the 2 dpa blastema relative to the level detected at 5 dpa, as determined by qRT-PCR (n = 11 fish each).
(F) GFP-labeled stump osteoblasts in osterix:CreERT2-p2a-mCherry; hs:R to nG double-transgenic fish treated with 4-HT migrate into the forming blastema and
cross a segment boundary (white asterisk). Scale bar, 100 mm. See also Figure 5A.
(G) In the 2 dpa blastema of osteocalcin:GFP; osterix:mCherry double-transgenic fish, GFP+ cells express mCherry at the same time, indicating redifferentiation
of stump-derived osteoblasts along the bone lineage. Inset showsmagnification of boxed area (n = 4 fish, 60/82 sections). Scale bars, 50 mm (overview) and 5 mm
(inset).
(H) osterix:mCherry+ cells express runx2:GFP in the 2 dpa blastema (n = 4 fish, 20/20 sections). Scale bar, 20 mm. See also Figure S3.
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Bone Regeneration via Osteoblast Dedifferentiationwith our transgenic markers of differentiation. Although our
lineage tracing data show that osteoblasts migrate toward the
amputation plane and into the forming blastema, future experi-
ments will be needed to map the size of the region giving rise to
the blastema.
The central core of the blastema is likely derived from intraray
mesenchymal, fibroblast-like cells (Figure 5F) because dye injec-
tion and BrdU pulse-chase labeling experiments have indicated
that these cells migrate distally toward the amputation planeDeve(Nechiporuk and Keating, 2002; Poleo et al., 2001). The cellular
arrangement of these fibroblast-like cells has been described
to disorganize in response to amputation (Poss et al., 2003),
but their unspecific morphology and the absence of molecular
markers make it difficult to assess whether this can be consid-
ered a sign of dedifferentiation. Although the fin blastema has
been suggested to be derived from the fibroblast-like intraray
cells (Poss et al., 2003), Johnson and Bennett (1999) speculated
that it derives from both fibroblast-like cells and osteoblasts. Ourlopmental Cell 20, 713–724, May 17, 2011 ª2011 Elsevier Inc. 719
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Figure 5. Genetic Fate Mapping of Osteoblasts in the Regenerating Fin
(A) Experimental setup for genetic fate mapping using the osterix-driven inducible CreERT2 line (osterix:CreERT2-p2a-mCherry) in combination with the ubi-
quitous heat-shock inducible red to green responder line (hs:R to nG).
(B) Stump osteoblasts contribute to cells in the 4 dpa regenerate. Whole-mount views of fin rays of ethanol (EtOH)-treated and 4-HT-treated fish, photographed
after heat shock at 0 hpa and 4 dpa. Note that no recombined cells are found in EtOH-treated fins. Scale bar, 100 mm.
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Bone Regeneration via Osteoblast Dedifferentiationwork, by providing strong evidence for the involvement of osteo-
blasts in blastema formation, confirms the hypothesis that the fin
blastema is formed from at least two lineages, osteoblasts and
fibroblast-like cells (Figure 5F).
Our finding that FGF signaling is essential for proliferation of
dedifferentiated osteoblasts provides a possible mechanistic
explanation for the requirement of the FGF pathway for blastema
formation. However, because we did not see an effect of FGF
signaling inhibition on osteoblast dedifferentiation, other yet
unidentified signals, maybe in combination with FGF signaling,
regulate the overall biological response of differentiated osteo-
blasts to fin amputation.
Dedifferentiation of adult mature cells has been considered to
be the major mechanism of blastema formation in salamander
appendages, and cardiomyocyte dedifferentiation has been
suggested to contribute to zebrafish heart regeneration (Brockes
and Kumar, 2005; Slack, 2006; Tanaka, 2003; Jopling et al.,
2010; Kikuchi et al., 2010). Our study shows that mature cells
dedifferentiate and contribute to the regenerate using molecular
markers of the cellular differentiation status and genetic cell fate
tracking and, thus, confirms the importance of cellular plasticity
for vertebrate regeneration and extends this concept to the bone
lineage. Osteoblasts, despite their dedifferentiation, give rise
only to osteoblasts during fin regeneration, suggesting that the
zebrafish fin blastema is a heterogeneous population of cells
with restricted potential, as has recently been found for the
salamander limb blastema (Kragl et al., 2009). In the zebrafish
heart, genetic lineage tracing has shown that cardiomyocytes
form only cardiomyocytes during regeneration, indicating that
dedifferentiating cardiac muscle cells remain lineage restricted
as well (Jopling et al., 2010; Kikuchi et al., 2010). Thus, dediffer-
entiation of mature cells might be a prerequisite for cells to
reenter the cell cycle and for cell rearrangements to occur during
regeneration, e.g., during blastema formation, but it does not
result in formation of multipotent cells.
In mammals, osteogenic stem/progenitor cells are believed to
be the source of newly differentiating osteoblasts during bone
repair (Colnot, 2009; Maes et al., 2010). Although we cannot
exclude that undifferentiated progenitor cells contribute to
bone regeneration in the zebrafish fin, we provide strong
evidence that mature, differentiated osteoblasts are an impor-
tant source of regenerating bone. The bone found in fish fin
rays (lepidotrichia) forms without a cartilage intermediate and
shares other structural characteristics with intramembranous
ossifying bone, yet has been suggested to represent a distinct
type of skeletal tissue based on its extracellular matrix composi-
tion (Marı´-Beffa et al., 2007). Thus, it will be interesting to test(C) GFP+ cells in the regenerate visualized by anti-GFP immunostaining, which
transgene, colabel with Zns 5 at 4 dpa. Scale bar, 50 mm.
(D) The majority of GFP+ cells in the regenerate are Zns 5+ osteoblasts. Only fe
sections of 4-HT-treated fins costained with Zns 5 (n = 5 fish, 10 rays, 61 section
(E) Distribution of GFP+ cells in osterix:CreERT2-p2a-mCherry; hs:R to nG dou
EtOH-treated fish versus 7.4% in 4-HT-treated fins. The fraction of GFP+ epiderm
4-HT-treated fins, whereas 35-fold more GFP+ osteoblasts are found in 4-HT fins
cells; n4-HT = 5 fish, 10 rays, 61 sections with 1155 GFP+ cells).
(F) Model of zebrafish fin bone regeneration based on our findings. Within 24 hr a
proliferate. Dedifferentiated osteoblasts migrate distally and form the lateral par
osteoblasts and intraray fibroblast-like cells. Osteoblast-derived blastema cells
regenerated from differentiated, mature osteoblasts.
Devewhether dedifferentiation of bone-forming cells is also operative
during fracture repair of intramembranous and endochondrally
ossifying bone in zebrafish and mammals. If this holds true,
mature osteoblastic lineage cells might contribute tomammalian
bone repair, by a sequence of dedifferentiation and subsequent
redifferentiation. This may have clinical implications for the
development of cell-based therapies in bone diseases.
EXPERIMENTAL PROCEDURES
Additional experimental procedures are described in the Supplemental Exper-
imental Procedures.
Fin Amputations and Transgenic Fish Lines
Zebrafish of 2.5–18 months of age were used, except for live imaging, which
was performed on juvenile fish of 3–4 weeks. Fin amputations were performed
as previously described (Poss et al., 2000a), after which fish were returned to
28.5C water.
The osterix:nlsGFP (OlSp7:nlsGFPzf132) and osterix:mCherry (OlSp7:
mCherryzf131) fish lines have been described (Spoorendonk et al., 2008). The
GFP in osterix:nlsGFP is relatively inefficiently targeted to the nucleus; thus,
some cytoplasmic fluorescence is visible in the cytoplasm as well, especially
on anti-GFP antibody-stained sections presumably because the antibody
recognizes freshly translated, not yet fluorescent protein that still has to be
localized to the nucleus (see Figures 6I–6N in Spoorendonk et al., 2008). For
creation of the osteocalcin:GFP fish line, 3.7 kbp upstreampromoter sequence
of the Oryzias latipes osteocalcin gene (Inohaya et al., 2007) was cloned
upstream of EGFP into a pBluescript-based vector containing I-SceI meganu-
clease sites flanking the insert. A transgenic line was created using I-SceI
mediated transgenesis (Grabher et al., 2004). To create the Histone
2a-mCherry fish line (h2afv:h2afv-mCherrytud7), GFP in the h2afv:GFPkca66
transgenic line (Pauls et al., 2001) was replaced with mCherry, resulting in
expression of a h2afv-mCherry fusion protein under control of the h2afv
promoter. For transgenesis the plasmid was linearized using SacII.
For creation of the runx2:GFP line, a multispecies-conserved enhancer
sequence of 557 bp from the last intronof the humanRUNX2 genewas identified
using the PhastCons algorithm on the UCSC genome browser
(chr6:45,506,296-45,506,852) and cloned into the Tol2 transposon vector
pGWcfosEGFP, containing the cFos minimal promoter and egfp, as previously
described (Fisher et al., 2006a, 2006b). Throughout larval and juvenile growth,
the enhancer regulates strong transgene expression in all newly forming bone
of the cranial and appendicular skeleton (S.F., C.W.W., and G.M., unpublished
data).
To generate the osterix:CreERT2-p2a-mCherry fish line (Olsp7:CreERT2-
p2a-mCherrytud8), the Oryzias latipes osterix promoter fragment present in
the osterix:nlsGFP and osterix:mCherry fish lines was cloned upstream of an
open reading frame containing CreERT2 (Metzger et al., 1995) and mCherry
(Shaner et al., 2004), separated by the viral peptide p2a (Provost et al., 2007)
for translation of CreERT2 and mCherry as individual peptides from one
open reading frame in a vector containing I-SceI meganuclease sites. A trans-
genic line was created using I-SceI mediated transgenesis.
For generation of the hs:R to nG reporter line (hsp70l:loxP DsRed2 loxP
nlsEGFPtud9), the hsp70l promoter (Halloran et al., 2000) was cloned into thedetects nuclear and some cytoplasmic GFP expressed from the hs:R to nG
w cells are found in the epidermis or are fibroblast-like cells. Quantification of
s with 1155 recombined cells).
ble-transgenic fins at 4 dpa. Of all cells in the regenerate, 0.4% are GFP+ in
al cells and fibroblast-like cells does not significantly differ between EtOH and
. Student’s t test, **p = 0.005 (nEtOH = 5 fish, 10 rays, 55 sections with 79 GFP+
fter amputation, distally located stump osteoblasts dedifferentiate and start to
ts of the blastema. Thus, the blastema is derived from at least two cell types:
do not transdifferentiate but differentiate only into osteoblasts. Thus, bone is
lopmental Cell 20, 713–724, May 17, 2011 ª2011 Elsevier Inc. 721
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Bone Regeneration via Osteoblast Dedifferentiationvector pTol EF1a loxP DsRed2 loxP EGFP substituting the EF1a promoter
(Hans et al., 2009). The EGFP gene in the same plasmid was replaced by
EGFP fused to a nuclear localization signal.
Quantification of GFP Expression
For quantification of expression levels in fish, regenerating fins of individual live
fish were imaged repeatedly with a Leica MZ16 FA stereomicroscope equip-
ped with a QIMAGING RETIGA-SRV camera using identical settings (magnifi-
cation, contrast, gain, and exposure time). In osterix:nlsGFP fish the second to
fourth dorsal fin rays were chosen for analysis. For quantification of
osteocalcin:GFP expression levels, all fin rays with the same amputation level
(middle or end of the fin ray segment) were analyzed. Intensity measurements
along fin rays were done with the Plot profile tool in ImageJ Software version
1.39h along rectangular (ray matched) regions of interest.
In Vivo Imaging of Juvenile Fish
h2afv:GFPkca66 fish (Pauls et al., 2001) or osteocalcin:GFP; h2afv:h2afv-
mCherrytud7 fish were anesthetized in 0.02% tricaine until they stopped swim-
ming, transferred to a small Petri dish, and immobilized by covering the trunk
and tail fin with 2% agarose. Imaging was performed in the presence of
0.005%–0.01% tricaine solution, and breath and heartbeat were repeatedly
visually monitored. Image acquisition was done for a maximum of 2 hr every
5 min using a Leica SP5 confocal microscope equipped with a 633 dipping
lens.
Fate Mapping of Osteoblasts
Olsp7:CreERT2-p2a-mCherrytud8; hsp70l:loxP DsRed2 loxP nlsEGFPtud9
double-transgenic fish were treated for 8 hr each on 3 consecutive days
with 0.5 mM 4-HT (Sigma) or with the vehicle control ethanol. Seven days later,
fish were heat shocked and 12 hr later analyzed for recombination by the
appearance of GFP+ cells. Fish were amputated and photographed, then
allowed to regenerate for 4 days, heat shocked, and photographed again.
Fins were harvested and processed for cryosectioning. Visualization of osteo-
blast migration was done by repeated imaging of whole-mount fin rays every
6 hr for 2 days starting at 0 hpa.
Proliferation Studies with BrdU
Fish were incubated in 5-bromo-2-deoxyuridine (Sigma) at a concentration of
10 mM in water, except for the quantification at 2 dpa (Figures 3E and 3G),
which was done with 5 mM in water or embryo medium E3 (5 mM NaCl,
0.17 mM KCl, 0.33 mM CaCl3 2 H2O, 0.33 mMMgSO43 7 H2O), after which
the fins were harvested, fixed in 4% PFA, and processed for cryosectioning.
Cryosectioning and Immunohistochemistry
After fixation, fins were washed several times with PBS and transferred to
0.5 mM EDTA in PBS for a minimum of 12 hr. Fins were washed with PBS
and subsequently incubated in 10%, 20%, and 30% sucrose solutions. Fins
were incubated in 30% sucrose:TFM (Tissue Freezing Medium; Triangle
Biomedical Sciences) at 1:1 for 30 min and in TFM overnight. Fins were frozen
in cryomolds and 14 mm cryosections obtained with a Cryostat HM560 (Mi-
crom). Cryosections were treated with 100% methanol for 10 min to improve
adherence to the slides. Sections were rehydrated in PBS-T (PBS with 0.1%
Tween), and blocked in 10% newborn calf serum, 2.5% horse serum, 1%
DMSO in PBS-T for at least 1 hr at RT. Primary antibodies were incubated
O/N at 4C in 10% newborn calf serum, 1% DMSO in PBS-T. Primary anti-
bodies used in this study were: mouse anti-Zns 5 (Zebrafish International
Resource Center, Eugene, OR, USA) at 1:200 or 1:400; rabbit anti-Tenascin
C (USBiological) at 1:500; mouse anti-GFP (Molecular Probes) at 1:400;
chicken anti-GFP (Abcam) at 1:2000; rabbit anti-GFP (Molecular Probes) at
1:1500; rabbit anti-dsRed (Clontech) at 1:200; rabbit anti-active Caspase
3 (Abcam) at 1:2500; and rat anti-BrdU (Serotec) at 1:200. After primary anti-
body incubation, sections were washed with PBS-T and incubated with the
secondary antibodies for 2 hr at RT. Secondary antibodies used in this study
were: anti-mouse-Alexa 488, anti-mouse-Alexa 555, anti-rabbit-Alexa 555,
anti-rabbit-Alexa 488, anti-chicken-Alexa 488, and anti-rat-Alexa 594 (all
Molecular Probes). For anti-BrdU staining, fins were treated in 2 N HCl for
30 min and washed again twice in PBS-T before blocking. Nuclei were visual-722 Developmental Cell 20, 713–724, May 17, 2011 ª2011 Elsevier Inized with DAPI (40, 6-diamidino-2-phenylindole; Sigma). Images were acquired
using a Leica SP5 confocal microscope or a Zeiss Axio Imager.
Chromogenic staining of Zns 5 was performed with DAB (3,3-diaminobenzi-
dine) as follows. After rehydration cryosections were treated with 3% H2O2 for
30 min. The samples were treated with blocking solution (TSA kit; Invitrogen)
for 1 hr at RT and incubated with Vectastain (R) Elite ABC Peroxidase Kit
Mouse IgG primary antibody (Vector Labs). Following washes with PBS-T
slides were incubated with anti-mouse-Biotin at 1:200 for 30 min, washed
with PBS-T and incubated for 30 min with the ABC complex. After washing,
the slides were incubated with DAB staining solution (SIGMA Fast 3,3-Diami-
nobenzidine tablets in PBS). The staining was stopped by several washes with
PBS.
Inhibition of FGF Signaling
For proliferation studies four amputated fish per group were incubated for
2 days in either 17 mM SU5402 (Calbiochem) or DMSO in embryo medium
E3 (each 75 ml). Solutions were exchanged at 1 dpa with fresh solutions.
During the last 9 hr of the incubation, solutions were exchanged with new
solutions containing additionally 5 mM BrdU. At 2 dpa, fins were harvested,
and osteoblast proliferation in the distal stump (350 mm) was assessed on
cryosections using the general osteoblast marker Zns 5. For qRT-PCR studies
12 fish each were either treated with 17 mMSU5402 or DMSO in 75 ml E3 from
0 hpa to 1 dpa. The distal-most stump segment plus the wound epidermis
were used for RNA isolation in this case. For detection of Tenascin after FGF
inhibition, five fish each were incubated in either 17 mM SU5402 or DMSO in
E3 from 0 hpa to 1 dpa. Fins were then processed for cryosectioning.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
Supplemental References, three figures, and two movies and can be found
with this article online at doi:10.1016/j.devcel.2011.04.014.
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